STE20-homologous proteins have been implicated in mammalian MAP kinase pathways as important transducers of signals from p21 family GTPases. We have cloned a novel STE20 family member, which we call KHS for kinase homologous to SPS1/STE20, that encodes a kinase of 95 kD which is expressed in a variety of tissues. Transiently expressed fusion protein GST-KHS exhibits phosphotransferase activity toward a panel of test substrates, including myelin basic protein (MBP), which is phosphorylated by all known STE20 homologues. KHS is most closely related to another human STE20, GC kinase (74% similar in the catalytic domain), which has recently been placed upstream of the stress-activated MAP kinases (SAPKs/JNKs. KHS also activates JNK in transient coexpression experiments, suggesting a role for KHS in the stress response of ®broblasts. Characterization and comparison of the regulation of these two kinases will be important in elucidating MAP kinase signalling cascades.
Introduction
Recent investigations in both yeast and metazoan systems reveal the reiteration of MAP kinase cascades which signal changes in gene expression, protein expression, and cell morphology. In Saccharomyces cerevisiae, six MAP kinase cascades have been identi®ed, functioning in response to such diverse environmental cues as nutrient deprivation, hyperosmolarity of media, and mating pheromones. Although the cascades are not simply linear, many of the components have been placed in a conserved order based on epistasis analyses. STE20 is a kinase that functions in the mating pathway and in the pseudohyphal formation pathway. Based on genetic analysis, it resides at the head of the cascade of kinases including STE11, STE7, and FUS3/KSS1. In the yeast MAP kinase pathway regulating sporulation in response to starvation, the position of STE20 is occupied by SPS1. CLA4 is a STE20 homologue that is required for proper cytokinesis. Only in the mating pathway have the downstream kinases been thoroughly identi®ed (Herskowitz, 1995; Levin and Errede, 1995) .
The mammalian MAP kinase cascades are also activated in response to diverse extracellular stimuli (Blumer and Johnson, 1994; Cano and Mahadevan, 1995; Levin and Errede, 1995) . In addition to the well characterized MAP kinase pathways involved in proliferation and dierentiation (ERKs), new pathways involving JNK/SAPKs and p38 have been identi®ed. These MAP kinase family members are activated by cellular stresses such as anisomycin, U.V. irradiation, TNFa, IL-1, and osmotic shock, mediating processes such as cell cycle withdrawal and apoptosis (Xia et al., 1995) .
The MAP kinases are each regulated by distinct activating kinases: ERK by MEK, JNK/SAPK by MKK4/SEK1, and p38 by MKK3 and MKK6 (Crews et al., 1992; Waskiewicz and Cooper, 1995; Raingeaud et al., 1996) . Similarly, the MEK-like kinases are regulated by distinct kinases; these MEK kinases are analogous to STE11 in the yeast pheromone response pathway. Upstream of STE11 lie STE20 and the Gprotein coupled receptors. Recent evidence suggests that these new MAP kinase cascades are regulated by the Rho family GTPases (Coso et al., 1995; Minden et al., 1995; Vojtek and Cooper, 1995) and are mediated by the STE20 family members PAK and GC kinase (Zhang et al., 1995; Pombo et al., 1995) .
We were interested in identifying mammalian counterparts of the Saccharomyces cerevisiae cascades. Specifically, we wished to identify STE20 homologues, which are predicted to link the membrane with the cytoplasmic signalling machinery. Evidence from yeast studies suggests that STE20 functions near the beginning of the cascade, at the same level or immediately downstream of the G proteins (Leberer et al., 1992) . Here we report the cloning and initial characterization of a novel human SPS1/STE20 family member.
Results
Given the conservation of MAP kinase pathways among yeast and mammalian cells, we screened human cDNA libraries for homologues of STE20. We cloned a kinase by using a PCR-derived 280 base pair probe that was 61% identical at the nucleotide level to STE20 from S. cerevisiae (Schultz and Nigg, 1993) . Screening of a human T-cell library produced a clone containing an open reading frame of 846 amino acids, predicting a product of 95 kD. The putative initiator methionine conformed to the Kozak consensus for translational initiation (Kozak, 1987) and was preceded by an in-frame stop codon. KHS possessed stop codons in all three reading frames after the putative stop codon. Sequence analysis revealed the presence of a serine/threonine kinase domain at the amino terminus, containing all conserved and invariant residues in all subdomains (Hanks et al., 1988) . The carboxyl-terminal non-catalytic domain displayed extensive homology only to a B-cell kinase termed GC kinase (Katz et al., 1994) . The sequences of the cDNA and translation product are presented in Figure 1a . This gene was named KHS, for kinase homologous to SPS1/STE20.
Sequence comparison of KHS with other STE20 family members revealed a high degree of conservation ( Figure 1b) . KHS is most related to human GC kinase, with 74% identity in the catalytic domain and 55% identity overall. Structurally, KHS is more closely related to SPS1 than to STE20, in that the catalytic domain resides at the amino terminus (Figure 1b ) (Katz et al., 1994) . However, the catalytic domain is equally related to STE20 and SPS1 (44%), and there is no signi®cant homology between the C termini of SPS1 and KHS. Other mammalian STE20s with which KHS shares domain structure but less sequence conservation are the MSTs, which homodimerize and contain an inhibitory domain Creasy et al., 1996) .
We wanted to determine in what mammalian cells and tissues KHS is expressed. Using a probe to the kinase domain, the transcript was detected as a single 4.5 kb band on a multiple tissue Northern in all human tissues examined (Figure 2a ). Faintly hybridizing bands were also visible in all the lanes at 7.5 kb and 3.5 kb, but were not examined further in this study. The transcript was also detected in the cell lines HeLa and A431 (K Schinkmann, data not shown).
To further characterize the expression pattern of KHS, antiserum was generated against the kinase domain of KHS fused to glutathione-S-transferase (aKHS). Whole cell lysates from a variety of human primary cells and cell lines were subject to immunoblot analysis with this antiserum. All contained a 95 kD protein recognized by aKHS (Figure 2b ).
To determine whether the 95 kD band detected by immunoblot analysis was the product of the KHS gene, the cDNA was in vitro transcribed and translated. The 35 S-Met labelled product migrated as a 95 kD band on SDS ± PAGE (Figure 3a) , and the antiserum immunoprecipitated the in vitro translation product. The speci®city of the antiserum was veri®ed, since immunoprecipitation was blocked when the antiserum was preincubated with recombinant GST-KHS ( Figure  3a ). This antiserum was also able to speci®cally immunoprecipitate a 95 kD protein from metaboli- (Katz et al., 1994; Creasy and Cherno, 1995; Cvrckova et al., 1995; Leberer et al., 1992; Ramer and Davis, 1993; Freisen et al., 1994; Marcus et al., 1995; Bagrodia et al., 1995; Knaus et al., 1995; Manser et al., 1994 Martin et al., 1995; Ottilie et al., 1995) . Catalytic domains are boxed. PBD stands for p21 binding domain and PH stands for pleckstrin homology domain (Musacchio et al., 1993) . Percent similarities were calculated based on alignments by DNASTAR cally-labelled NIH3T3 cells ( Figure 3b ). Preincubation of the antiserum with recombinant, bacterially expressed GST-KHS blocked the immunoprecipitation of the biosynthetically labelled KHS. Thus, the human gene we have cloned is expressed widely and is likely conserved in simian and murine cells. The subcellular localization of KHS was examined, since STE20s may link membrane proximal G proteins and the cytoplasmic kinases. Confocal laser scanning microscopy was performed on transiently transfected COS and NIH3T3 cells stained with antibodies to epitope tagged KHS. The results of these studies are presented in Figure 4 and demonstrate that KHS is cytoplasmic in growing ®broblasts. Low background staining was clearly distinguishable from aHA-speci®c staining. Treatment of cells with stress agonists did not induce a change in the localization of tagged KHS (data not shown).
Since KHS encodes a putative kinase, we wished to demonstrate that the protein was enzymatically active. COS cells transiently transfected with a GST fusion construct of full length KHS were lysed and GST-KHS was puri®ed using glutathione agarose beads. KHS is highly active as a GST fusion protein. The GST-KHS demonstrated phosphotransferase activity towards a panel of test substrates (Figure 5a ). Comparing equal amounts of substrate, the best in vitro substrates were myelin basic protein (MBP) and histone IIIS. Histone H4 was weakly phosphorylated. KHS did not phosphorylate phosvitin or GST-MAPK in vitro.
The kinase displayed enhanced activity in the presence of Mg 2+ relative to Mn 2+ towards both histone IIIS and MBP (Figure 5b ). GST-KHS did not utilize GTP as a phosphate donor, as demonstrated by the addition of excess cold nucleotide triphosphates to standard reactions (Figure 5b ). Activity was enhanced by excess GTP in every experiment, and we are investigating explanations for this observation. Both MBP and histone IIIS were phosphorylated on serine and threonine, as determined by phosphoamino acid analysis (data not shown). A GST fusion of KHS with a single amino acid change of a conserved lysine 49 to arginine in the putative ATP binding region was inactive (Figure 5a ). The lack of detectable phosphotransferase activity using this mutant construct suggests that the activity detected from the wild type construct is due to GST-KHS and not to a copurifying kinase.
We wanted to show that the antiserum generated against KHS could function in an immune complex kinase assay. To compare the kinase activity of KHS assayed using glutathione agarose beads with that using aKHS, we performed assays on lysates from transiently transfected cells. Figure 5a shows that the amount of activity precipitated using beads versus antiserum was comparable, while preimmune serum did not immunoprecipitate any appreciable activity. Thus, we are able to detect GST-KHS phosphotransferase activity in an immune complex as well as with glutathione agarose beads.
Since KHS is predicted to function upstream of a MAP kinase pathway, we tested several MAP kinase homologues in transient cotransfections with GST-KHS to determine whether any were activated. Figure  6A ± C shows that GST-KHS activates HA-JNK in a DNA dose dependent manner, but it does not activate FLAG-p38 or HA-ERK1. Western blots con®rmed equal expression of each MAP kinase. The activation was achieved using ratios of GST-KHS:HA-JNK DNAs ranging from 3:1 to 2:5. Controls were conducted to show that GST-KHS does not itself phosphorylate the respective MAP kinase substrates, and that GST-KHS K/R does not activate JNK. As controls, FLAG-p38 was activatable by cotransfection of MKK3glu ( Figure 6B ) and HA-ERK1 was activatable by cotransfection of RASQ61L (Figure 6c ).
To begin delineating the kinases between KHS and JNK1, we utilized GST-SEK1 K/R, which encodes a kinase inactive SEK1 (Sanchez et al., 1994) . Increasing amounts of GST-SEK1 K/R inhibited KHS activation of JNK1 in triple cotransfections, indicating that KHS activates JNK through SEK1 (Figure 6d ). This ®nding is an important ®rst step in identifying the mechanism of KHS function.
Discussion
KHS represents a new member of a growing family of kinases potentially involved in relaying signals from G proteins to the cytosolic MAP kinases. In this paper, we present evidence that KHS is widely expressed as a 95 kD kinase and that it possesses catalytic activity. We have characterized the activity of the kinase with regards to nucleotide utilization, cation requirements, and substrate speci®city. During the course of our studies, we observed that fusion of KHS to GST resulted in its constitutive activation. Similar eects have been obtained with PAK . The constitutive activation of a kinase by fusion to GST suggests a regulation based on conformational change or displacement of an inhibitor. Alternatively, since GST has been shown to dimerize (Habig et al., 1974; Nemoto et al., 1994) , the activity could indicate a requirement for dimerization. Other kinases which dimerize include AKT and MST1, one of the STE20 family members (Creasy et al., 1996) . We are currently examining more carefully the role of dimerization in KRS function.
Dimerization may account for why we have been unable to detect appreciable kinase activity from endogenous KHS immunoprecipitated from various ®broblasts. It is possible that the antibody is neutralizing for kinase activity, that the antibody disrupts oligomerization, or that agonists tried thus far (such as serum, anisomycin, osmotic shock, PMA, TNFa) do not activate KHS. KHS is notably dierent from GC kinase, MEKK, and PAK, which all have high basal activities (reviewed in Kyriakis and Avruch, 1996) .
KHS is most closely related to the mammalian GC kinase (74% similarity) (Katz et al., 1994) . GC kinase has recently been shown to lie upstream of JNK and its activating kinase, SEK (Pombo et al., 1995) . Interestingly, its activation in vivo is limited to induction by TNFa, and not to the broad array of agonists which normally activate JNK. While KHS also activates JNK, identifying stimuli which operate through this pathway will be necessary to understanding KHS's role in stress response. In addition, KHS may activate other MAP kinase pathways as yet uncharacterized.
The three yeast genes to which KHS is related encode serine/threonine kinases involved in transducing extracellular signals to activate distinct MAP kinases. STE20 (Leberer et al., 1992; Ramer and Davis, 1993 ) is involved in MAP kinase pathways regulating mating pheromone response and regulating haploid invasiveness and diploid pseudohyphal formation (initiating signals unknown) (Liu et al., 1993; Roberts and Fink, 1994; Herskowitz, 1995) . Epistatically, it is positioned immediately downstream of the heterotrimeric G protein (encoded by STE4, STE18, and GPA) and upstream of the module of kinases including STE11, STE7, and FUS3 or KSS1. SPS1 is required in the MAP kinase pathway regulating spore formation (Freisen et al., 1994) . Its position in the cascade is known only to be upstream of the MAP kinase SMK1 (Krisak et al., 1994) . A third S. cerevisiae STE20 family member has recently been described, CLA4 for Cln activity dependent, that is involved in budding (Cvrckova et al., 1995) . Given the similarity of KHS with these three yeast STE20s, one would predict a function in transducing information to downstream kinases like MAP kinases and possibly in regulating morphological changes. Determining if KHS can complement STE20, SPS1, or CLA4 function in null yeast strains will be an important part of characterizing this kinase. Examining the sequence of KHS reveals three PXXP motifs, two of which ®t the class II polyproline helix structure (Cohen et al., 1995; Yu et al., 1994) . Proteins containing these consensi are predicted to bind SH3-containing proteins and have proven to be regulatory for localization or activity (Bar-Sagi et al., 1993) . Other proteins which contain this motif include the GTPase dynamin (Gout et al., 1993) , the Rho-GAP 3BP-1 (Cicchetti et al., 1992 (Cicchetti et al., , 1995 Ren et al., 1993) , and the guanine nucleotide exchange factor Sos1 . One other proline-rich kinase (not related to STE20), MAPKAP kinase 2, has been shown to bind the SH3 domain of c-Abl in a ®lter binding assay, but the relevance of this binding is unclear (Plath et al., 1994) . Recently, mouse PAK3, another STE20 family member, has been shown to bind the SH3 domains of phospholipase Cg and Nck in vitro . Finally, the mixed lineage kinases, SPRK contains SH3 domains and functions as an activator of the JNK/SEK pathway (Rana et al., 1996) . Examination of KHS's ability to bind various SH3-containing proteins is under way.
As in yeast, mammalian cells utilize distinct MAP kinase pathways in response to diverse extracellular stimuli such as growth factors, hormones, cytokines, stress, and heat shock. MAP kinase and MAP kinase kinase family members have been described recently that are highly related but are activated dierentially Lee et al., 1994; Sanchez et al., 1994; Derijard et al., 1995) . Currently, we are investigating if KHS responds in a regulated way to any characterized agonists by changing its activity, subcellular localization, or associated proteins.
Materials and methods
Cloning of cDNA ± Oligos were synthesized to generate the 280 bp fragment reported in Schultz and Nigg (1993) using polymerase chain reaction of a random primed l gt11 human endothelial cell library (PEC). The probe was subcloned and sequenced and used to screen the same library. While no positives encoded a full length protein, one of the inserts encoded the entire kinase domain, and this was used to screen a lgt10 human T-cell library that was dT primed (courtesy of F McKeon). Four positives were isolated, puri®ed, and subcloned, one of which encoded full length KHS. This cDNA was sequenced (ABI). Sequence was analysed using DNASTAR. Database searches were performed with BLAST.
Subcloning of cDNA ± KHS was originally in pBS-SK-. All subclone inserts were generated by PCR to create sites for in frame fusions (Takara). pGEX2T was used to generate a construct encoding a bacterial fusion protein. pEBG (courtesy of B Mayer) was used to generate a GST fusion of KHS for expression in mammalian cells. The point mutation generating the change of lysine 49 to arginine was performed following the Kunkel method of mutagenesis (Kunkel et al., 1987) . pCDNA3 was used to express HA tagged KHS.
Antibody production ± A fusion of glutathione-S-transferase (GST) to amino acids 1 ± 439 was expressed in bacteria and gel puri®ed. Rabbit antiserum were generated using this In vitro transcription/translation ± The TNT system (Promega) was used (courtesy of T Stukenberg). pBS-SK-KHS plasmid and T3 polymerase were incubated with rabbit reticulocyte lysate in a coupled reaction, products run out on SDS ± PAGE, and visualized by autoradiography.
Northern ± RNAs from multiple tissues (Clontech) were probed with the kinase domain probe under high stringency conditions according to manufacturer's protocol. The membrane was reprobed with actin to control for equal loading of RNA in lanes.
Immunoblots ± Cell extracts (courtesy of J Aster) were fractionated by SDS ± PAGE and transferred to nitrocellulose (Schleicher and Schuell). Extract preparation has been described previously (Chen and Blenis, 1990) . Membranes were blocked for at least 1 h, incubated with the appropriate antisera, probed with secondary antibody, and detected with enhanced chemiluminescence (Amersham).
In vivo labelling and immunoprecipitations ± Tissue culture cells were labelled with 1.5 mCi 35 S methionine overnight (Chen and Blenis, 1990) . Lysates were prepared and immunoprecipitated with aKHS antiserum as described previously (Chen and Blenis, 1990) . For competition experiments, the antiserum was preincubated with recombinant, bacterially expressed GST-KHS (2mg). The immune complexes were precipitated with heat killed Staphylococcus aureus, processed as described (Chen and Blenis, 1990) , and subjected to SDS ± PAGE. The resulting gel was ®xed and visualized by autoradiography.
Immuno¯uorescence ± NIH3T3 cells were seeded on cover slips and transfected using lipofectamine (GIBCO ± BRL). Cells were ®xed in 3% formaldehyde, permeablized with 0.1% NP-40, and stained with aHA monoclonal antibody and Hoechst dye. Slides were scanned using the Zeiss confocal laser scanning microscope and software.
Plasmids and transient transfections ± JNK1 and p38 cDNAs were kindly provided by R Davis. HA-JNK1 was expressed from pCDNA3 (M Chou). FLAG-p38 was expressed from pCMV. pEBG-SEK K/R was kindly provided by L Zon. COS cells were cultured in DMEM supplemented with 10% heat inactivated fetal calf serum. Sixteen hours prior to transfection, cells were seeded onto fresh plates. A total of 7 mg of DNA was used in DEAEdextran transfection of a 6 cm plate (Sambrook et al., 1989) . Lysates were prepared 40 ± 50 h post transfection in lysis buer (Chen and Blenis, 1990) . Lysates were assayed for expression of GST-KHS by immunoblotting with aKRS antisera, HA-JNK1 with aHA monoclonal antibody (12CA5), and FLAG-p38 with M2 antibody (Kodak).
Kinase assays ± Immune complexes were prepared as described and incubated in the presence of g 32 P-ATP, substrate, and Mg 2+ for 10 min at 308C (Chen and Blenis, 1990) . Samples were subjected to SDS ± PAGE, ®xed, and autoradiographed. Myelin basic protein and histone IIIS were obtained from Sigma, and histone H4 was obtained from Boehringer Mannheim. Substrates for JNK1 and p38, GST-Jun and GST-ATF2 respectively, were made as described (Derijard et al., 1994; Raingeaud et al., 1995) . Activities ( 32 P incorporation) were quantitated using a PhosphorImager with software from Molecular Dynamics. Figure 6 GST-KHS activates HA-JNK1 (A) but not FLAG-p38 (B) or HA-ERK1 (C). COS cells were transiently transfected with varying amounts of DNA encoding GST-KHS and the epitome tagged MAP kinase. GST-KHS activation of JNK is mediated by SEK (D). Con®rmation of expression levels was determined by immunoblotting. Activity of the MAP kinases was determined using a PhosphorImager. Data is representative of at least three experiments
